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ABSTRACT

In the near future, astronauts will explore new planetary surfaces in the Solar
System. To enable peak performance, these astronauts will need to utilize all of the tools
at their disposal. It is proposed that one such tool is a planetary surface rover designed

specifically to assist the astronauts during their Extra-Vehicular-Activities (EVA’s).

This rover is designed and built to operate in concert with existing analog
planetary surface infrastructure at the University of North Dakota (UND). This rover will
be remotely controlled by an astronaut located on the planetary surface, enabling real-
time operation and obstacle avoidance. The rover will act primarily as a relay for audio
and video communications between the astronauts in the field and the Inflatable Lunar
Habitat (ILH), or another planetary outpost. This rover will be designed to enable storage
for tools and samples, freeing the astronauts from the tedious and physically demanding
task of carrying items for long distances encumbered by an EVA suit.

This thesis will describe the design of the rover and the rationale for each design
decision. Upon completion of the rover, this thesis will report on the real-world
performance of the rover, the effectiveness of the subsystems, and the lessons learned as
a result of initial testing. Using the rover and the information obtained from this thesis,
future astronaut-rover interaction studies will be conducted that will be important to the

future of human planetary exploration.
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INTRODUCTION

As humans advance and continue to explore the solar system they will be faced
with new and difficult challenges. Getting to, living on, and exploring new planets all
present challenges that need to be solved before any real exploration can take place.
These issues are first tackled in on-Earth simulations. The best practices, solutions, and
technologies from these simulations are then exported to be used in real space
exploration. These simulations are used to test and fine-tune a variety of hypotheses
ranging from optimal habitat design to crew psychological and physical fitness. To
ensure the first human mission to an extraterrestrial surface since Apollo 17 in 1972 will
be a success, proper due-diligence must be first paid on Earth. This thesis will discuss the
creation of a rover that will allow greater astronaut efficiency while exploring and
working on an analog Martian surface. This rover will enable further testing of
technologies and procedures used to make the extra-vehicular activity (EVA) experience
safer and more efficient than it has been before. This rover, named the MArs Compliment
to Humanity rOver (MACHO), is designed to integrate with the Martian simulation
facilities already constructed at the University of North Dakota by the Human Spaceflight
Laboratory, primarily the Inflatable Lunar-Martian Habitat (ILMH), Pressurized Electric

Rover (PER), and the NDX-2 Spacesuits.



Complexities of EVA

EVA’s are incredibly challenging and dangerous. After all, humans aren’t made
to explore space. We need to bring little pockets of Earth’s atmosphere and pressure with
us wherever we go. While the astronaut is out of the relative safety of the ship or the
habitat, s/he is exposed to a range of dangers. These include, but are not limited to, suit
puncture and rapid depressurization, life support system failure, increased exposure to
radiation, and micro-meteoroid impacts. There are also risks associated with exploration
in general, such as entrapment, falls and physical injury, and overexertion and
exhaustion. All of these issues are further amplified while on an extraterrestrial surface
where one wrong move can be life-threatening and the hope for rescue slim to none.
Given all of these dangers, and considering that most of these dangers will be ever-
present while exploring new terrain in space, precautions need to be taken to help make

the EVA experience as safe as reasonably possible.

To help keep the astronauts safe, mission planners must reduce the number of
unnecessary EVA’s and make the astronaut’s tasks as simple as possible. As an example,
while on location the health and stability of the habitat is a top priority. If the habitat
suddenly depressurizes because of an unnoticed leak or puncture, the whole crew inside
the habitat will be compromised. Because of this, the habitat needs to be inspected and
maintained on a daily schedule. These inspection EVA’s, while not complex, comprise a
large number of EVA’s that expose the astronauts to the dangers outlined above. When
catastrophic events can happen from a trivial scrape or pin-prick, unnecessary EVA’s
need to be reduced. One solution to reduce the number of unnecessary EVA’s is to

automate the task of habitat inspection and trivial maintenance. This can be accomplished



by a robot, whether human controlled or completely automated makes no difference. If
the inspection can be accomplished with the astronauts remaining safely inside the

habitat, that is absolutely preferable.

Another way to make EVA’s safer is to lessen the burden faced by the astronauts.
While astronauts are inside of their space suits they are constantly fighting the
atmospheric pressure of their suits. As an example, EVA suits used on the International
Space Station are pressurized to 4.3 psi (Newman & Barratt, 1997). There have been
many documented cases of astronauts’ hands becoming fatigued battling the pressure of
the gloves. Imagine squeezing a stress ball whenever grabbing an object or attempting to
move your hand. Now imagine this constant elastic stress on every moving part of your
body: hands, arms, legs, etc. This exertion will cause astronauts to tire faster and use
more energy when compared to performing the same action unencumbered here on Earth.
This additional exertion accumulates throughout the course of the EVA and can lead to
mental and physical lapses as the sortie continues. Unfortunately, the strain caused by the
atmospheric pressure of the suits cannot be avoided, but the activities performed by the
astronauts can be modified to make the tasks easier and less physically demanding. Some
of these modifications include using robots to transport tools, samples, and extra life-
support consumables. If the astronauts do not have to exert themselves carrying these
items they will have more energy to perform the required tasks, stay mentally sharp, and

hopefully avoid mistakes.



Utilizing Robots to Enhance the EVA Experience

In order to discover what the optimal robot looks like, robots need to be
constructed and analog studies performed. These studies will test for the most effective
hardware, the best operating practices, and the most effective means of the astronauts in

the field interacting with the robots.

Given the need for these studies there have been surprisingly few studies aimed at
examining the most effective methods of astronaut-rover interaction. The studies that

have been performed will be cataloged and explained in this section.

Astronaut-Rover (ASRO) Field Experiment

The first study, named the “Astronaut-Rover (ASRO) field experiment”, took
place February 22-27, 1999 in Silver Lake, Mojave Desert, California. The purpose of
this experiment was to study the “interaction between the astronaut and the rover as a
complimentary and interactive team” which “is critical to assess but had never been
tested before” (Cabrol, et al., 1999). This experiment has six overall goals and

objectives. Taken from the paper, these goals are:

1. To identify the operational domains where the EVA astronauts and rovers are
complementary and can interact, thus are more likely to collaborate in a safe,
productive, and cost effective way for the surface exploration mission.

2. To identify preliminary requirements and recommendations for advanced
spacesuits and rovers that facilitate their cooperative and complementary

interaction.



3. To develop operational procedures (designated as scenarios) for the astronaut-
rover team in the identified domains.

4. To test these procedures during representative mission scenarios [1,2] during
field experiments by simulating the exploration of a planetary surface by a
human crew interacting with a rover.

5. To train test-subject, simulated Earth-based and/or Lander-based science
teams, and automated vehicle operators in mission configuration.

6. To evaluate and understand sociotechnical aspects of the astronaut-rover

interaction experiment in order to guide future technology designs.

The astronaut used in this experiment was wearing an I-Suit pressurized at 3.75

PSID and was breathing cryogenic air. The rover used was the NASA Ames Marsokhod

Figure 1 - Marsokhod Rover (NASA JPL, 2016)

Rover that was used during the Rover Field Experiments performed at the same location
the two previous weeks. During these previous tests, Marsokhod was operating as a

5



stand-alone rover traversing the terrain and conducting scientific experiments without the
aid of an astronaut. The primary changes to the rover between the two tests were to
remove the spectroscopy sensor and add stereo vision tracking from JSC. This stereo
vision tracking allowed the rover to autonomously track and follow the EVA astronaut

during certain operational modes.

During the test the rover was either controlled remotely from the rover operation
center (ROC) located 1.5 km away or operating autonomously. This “local” control
allowed for real-time control of the rover without the time delays that result when

attempting to manually control a Mars rover from Earth.

In order to achieve the stated goals and objectives outlined above, the study chose

four mission operational procedures, or scenarios, to test. The scenarios chosen were:

1. The rover as a scout. The rover pre-examines the traverse area and establishes
potentially favorable sites for the suited astronaut to work in.

2. The rover as a video coverage assistant. During the Apollo missions the
second EVA crewmember was responsible for video documenting the first
EVA crewmember’s activity in the field. With this task being performed by
the rover the second EVA crewmember can do more useful work, making
better use of the limited EVA time. This scenario was performed using two
different methods: human controlled video tracking via the ROC, and
autonomous tracking via the JSC stereo tracking system.

3. The rover as a field science assistant. In this scenario the rover would make
use of its advanced sensors and scientific instrument payload to perform

astronaut directed science. The EVA astronaut would place a colored flag at
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an area of interest and the rover would come over and perform the indicated
test/experiment. Different colored flags corresponded to different tests. This
scenario utilized the greater environmental awareness possessed by the
astronaut and the specialized performance of the rover. This scenario also
allowed the astronaut to quickly determine which locations were of interest
and retreat to the habitat, while the rover performed the time consuming and
sometimes tedious tasks of performing the tests.

The rover as a field technical assistant. The rover was used to carry tools and
samples for the suited astronaut. The astronaut also used the capabilities on-
board Marsokhod to document sites of interest via the imaging system and
communicate remotely with a science team. Two methods were used in this
scenario: human control via the ROC and autonomous control via the JSC

stereo tracking system (Cabrol, et al., 1999).
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Figure 2 - Suited Astronaut and Marsokhod (Cabrol N. A., 2000)




According to the document, all science objectives were achieved while performing
the four mission scenarios. Seeing as this was the first rover-astronaut simulation many
areas for improvement were discovered. These areas are: “science (including adapted
tools for astronauts, instruments for science onboard rovers, relay between rover and
astronaut); rover technology; EVA technology; communications; mission operational
procedures; gestation of mission duration and data volume; and information technology”

(Cabrol, et al., 1999).

Thesis Impact

One of the most applicable lessons learned from the ASRO study was that the robot
must be able to keep pace with the human it is assisting. The Marsokhod rover was
designed for low energy consumption and was roughly ten times slower than the suited
astronaut. This forced the astronaut to take numerous breaks to wait for the robot, wasting
time and life support consumables. Another vital lesson was that the science support
team, which had access to the video feed from the rover, had great difficulty
communicating to the astronaut specific objects/rocks of interest. Future robots will need
to have some way of indicating which terrain feature the suited astronaut should examine

(Burridge R. R., Graham, S&K Electronics, & Titan-Lincom, 2002).

EVA Robotic Assistant Project (ERA)

Building on the success of, and lessons learned from, ASRO, the EVA Robotic
Assistant project (ERA) was started at Johnson Space Center in Houston, Texas in 2000.
This project was specifically interested in how to design a robot that can assist someone

in a spacesuit while out on an EVA.



Taken from the introduction of the first paper produced from this project, the authors
point to three reasons why automation and robotics will be necessary on an exploratory

mission:

1. “The scarcity of crewmember time will necessitate the automation of mundane
tasks to allow the crew to prioritize objectives and apply their expertise
appropriately.”

2. “The volume of assembly, inspection, maintenance, and exploration tasks
required for an extended mission will necessitate that some be done without
human involvement.”

3. “The need to minimize the inherent risk associated with extra-vehicular activity
(EVA) requires that robots perform some of the more hazardous activities

(Burridge R. R., Graham, S&K Electronics, & Titan-Lincom, 2002).”

This project worked to produce a usable robot, both in hardware and software. While
it needed a functional robot, the program focused more on creating a software package
that would best allow the astronaut to interact with the robot and for the robot to interact
with other robots. This software was focused on machine learning and automation. As
such, much of the paper details the creation of the software tools that allow the rover to
function. This thesis will not go into detail about the automation of tasks and how the
robot autonomously interacts with the astronaut. This is definitely an area that will need
to be explored at a later date, but a rover needs to be built and be operational before any

real work can begin on software and automation.

The primary focus for this thesis is the construction of the rover: which parts were

used, how effective they were at performing their duties, and what the authors would
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change after the completion of their field trials. This information will give practical

starting points for the creation of a rover here at UND.

The ERA rover was built off of the ATRV-Jr mobile robot produced by RWI, Inc. A

picture of this robot is shown below:

Figure 3 - ATRV-Jr Robot (NASA JPL, 2017)

This rover weighs in at 110 Ibs, can support a payload of 55 Ibs, and has a run time
between 3-6 hours depending on the terrain (Real World Interface, n.d.). To make this
robot more compatible to the terrain it would be working, the wheel hubs were moved out
and down. This increased the ground clearance from 3 inches to 12 inches. This allowed
the robot to maneuver over obstacles that would have previously obstructed the robot. A
pan-tilt camera platform was installed to give the controllers a full field of view. A tower
was added to mount the camera and antennas near astronaut head height. A trailer hitch
was added that allowed the robot to attach to trailers and other objects. Finally, tool
palettes were built that fit alongside the robot’s tower. These palettes housed frequently
used tools and provided a location to store rock samples. A comparison of the robot

before and after modification is shown below.
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Figure 4 - ATRV-Jr on the left, ERA (as modified) on right (Burridge
R. R., Graham, S&K Electronics, & Titan-Lincom, 2002)

The ERA rover was used in three main scenarios during testing near Flagstaff,
Arizona in September of 2000. These scenarios were: power cable deployment, solar
panel deployment, and a geology traverse. For the power cable and solar panel
deployments, ERA autonomously followed the suited EVA astronaut while pulling a
trailer that laid out the cable and flexible solar panel. ERA was used for these scenarios
because both the cable and the solar panel material were too heavy and cumbersome for
the astronaut to deploy. Also, the solar panel was required to be laid out as flat as
possible. This was easily accomplished with the rover. During the geology traverse, ERA
followed the suited astronaut while carrying tools and providing a space for samples. The
astronaut would verbally command ERA to follow or stop, depending if he needed
anything from the robot. During all modes ERA attempted to keep a fixed following
distance from the astronaut by using its suite of sensors. An image showing the ERA in

use can be found below.
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Figure 5 - ERA Performing Test Scenarios — 2000 (Burridge R. R., Graham, S&K Electronics, & Titan-
Lincom, 2002)

After this initial testing of ERA, the results and lessons learned were tabulated.

Among these lessons were some hardware considerations. While the rover had the battery
capacity to assist during a full EVA, the battery capacity was roughly 90-120 minutes
(Burridge R. R., Graham, Shillcutt, Hirsh, & Kortenkamp, 2003). This lead the team to
research ways to increase the “stamina” of the robot. Fuel cells were considered the

prime technology for this.

Next, the rigid suspension was deemed inappropriate for the terrain. The suspension
transferred the shocks of operation directly to the chassis and onboard instruments, and it
also reduced traction when traversing obstacles. New designs would use 4-wheel

independent suspension.

Lastly, the robot could only be used while close to an astronaut as it had no way of
interacting with the environment. Future plans include a 7-DoF robotic arm that will be

able to interact with the environment.

The second iteration of ERA took to the field for the 2002 field tests. This new and
improved ERA utilized more robust computing hardware, a 7-DoF manipulator, a new
mobility base, and fuel cell integration. The primary upgrades affecting this thesis are the

new mobility base and the fuel cell integration.
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The new mobility base was completely redesigned following the 2000 field trials.
Since the old base was made of rigid links, whenever ERA encountered an obstacle it
would lose traction on the other wheels. This would affect its ability to steer and
maneuver through the environment. The new mobility base was designed to have 4-wheel
independent suspension. This suspension was created using off-the-shelf ATV

components.

Figure 6 - ERA and New Mobility Base (Burridge R. R.,
Graham, Shillcutt, Hirsh, & Kortenkamp, 2003)

In an effort to increase the stamina of ERA, a fuel cell was borrowed from JSC’s
Power Systems Division. This fuel cell, named IHOPP (ISRU Hydrogen/Oxygen Power
Plant), is capable of providing up to 2kW of power for over 11 hours (Burridge R. R.,
Graham, Shillcutt, Hirsh, & Kortenkamp, 2003). This fuel cell allowed ERA to operate

much longer than the lead-acid batteries alone.

The tests performed during this field session were geophone deployment, geology

traverse, and operating with the fuel cell.

ERA saw two uses during geophone deployment. The first was to follow the astronaut

while pulling a trailer full of geophones. The astronaut would then grab a geophone and
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manually place each one. The second use saw ERA following the astronaut and placing
the geophone via the 7-DoF manipulator at the astronaut’s command. ERA struggled
with the automated placement of the geophones. While attempting to place the geophone,
the manipulator arm would routinely impact the ground and create a stall condition. This

was caused by the software not accurately measuring the distance to the ground.

The geology traverse operated much like it did in the previous mission. Each geology
traverse lasted about 20 minutes and ERA followed the astronaut through difficult terrain
while performing autonomously approximately 90% of the time. In addition to following
the astronaut, ERA also pulled the “Mobile Science Lab”, nicknamed the science trailer.
This science trailer was filled with geology tools that allowed the astronaut to perform

initial analysis of a sample to determine if it was worth keeping or not.

The fuel cell experiment unfortunately hit some snags and didn’t go as well as
planned. Initially some problems with the new base’s software prevented the fuel cell’s
use in the field. This was remedied by ERA pulling the fuel cell on a trailer. In this way,

the fuel cell was proven to power both of the mobility bases. Another problem was
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encountered when a crimped hose led to a fatal leak in the system which eliminated any

further testing of the IHOPP.

Figure 7 - ERA Pulling IHOPP (Burridge R. R., Graham, Shillcutt,
Hirsh, & Kortenkamp, 2003)

Some positive results were gleaned from the 2002 field exercises. First is the proven
effectiveness of the new independent suspension mobility base. This mobility base was
so successful that it inspired further unpressurized rover development at JSC. This new
rover would be an unpressurized crew transport rover, later known as the SCOUT.
Another result was the proven use of IHOPP to power the rovers. This would lead to
greater fuel cell use in the future. The last positive result was the development of the
science trailer. This mobile science lab would be a staple of Desert RATS for years to

come.

Thesis Impact

The ERA project was the most directly applicable rover studied during the
preparation for this thesis. The rover was designed to directly interface with astronauts
and assist in a variety of ways during an EVA. This interaction included pulling a trailer

with heavy objects (power cable and solar panels), pulling a trailer full of geophones,
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placing geophones with a 7-DoF manipulator, pulling the science trailer, and providing
storage for tools and samples. This rover also underwent a significant change between the
first and second generation. This change to 4 wheel independent suspension allowed for
greater maneuverability and provided rationale to follow this same path with the rover to

be built at UND.

The ERA highlighted the necessity of an EVA assistant rover to be flexible,
adaptable, and rugged. The rover needs to be powerful enough to pull trailers and objects

through rough terrain and allow for the storage of samples and tools.

Electric Tractor

The electric tractor (ET) was a 6-wheel remotely controlled rover used for high-
torque applications. The ET was equipped with a power winch, a dozer blade, and a hitch
to haul the Chariot (an astronaut transportation device), the science trailer, and other
heavy objects. This ET was used during the 2004 and 2005 D-RATS field simulations.

An image of the ET pulling the Chariot and science trailer is shown below.

Figure 8-ET haling the Chariot and Science
Trailer (Ross, Kosmo, & Janoiko, 2010)
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The ET proved very effective as a means of transportation and as tractor, performing
heavy tasks and pulling objects. In addition to the Chariot and the science trailer, the ET
was used to pull an analog Martian power reactor into position. This simulation
ultimately failed, as the reactor’s sled was inadequately designed. It did highlight the
utility of such a high torque vehicle available to the suited astronauts (Ross, Kosmo, &

Janoiko, 2010).

Thesis Impact

The ET showed how valuable high-torque rovers are. High-torque motors allow the
rovers to do “real work™, such as moving regolith or large pieces of machinery. The rover
designed for this thesis should incorporate high-torque motors to further bolster its

usefulness to the EVA astronaut.

K10

The K-10 rover is a robotic scout that can operate in both autonomous and tele-
operated modes. K-10 was used in the 2006 and 2009 D-RATS simulations. While it was
designed for use on the moon, the ideas generated by the rover are valuable and can be
applied for the Martian environment. This rover uses a 3D scanning laser (LIDAR) to
create 3D terrain models of the area it is inspecting. It is also equipped with a Giga-Pan
camera, which allows it to take panoramic images containing more than 1 billion pixels.
In addition, the K-10 is equipped with a microscopic imaging camera for taking detailed

images of the ground, as well as a variety of surveying instruments. These instruments
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include ground penetrating radar, penetrometer, and a neutron spectrometer to search for

buried water ice (NASA, 2009).

Figure 9 - K10 Rover (NASA, 2009)

This rover was used in the D-RATS simulations to scout an area prior to a planned
EVA. This allowed the EVA participants to generate a better plan before encountering an

area in person (Ross, Kosmo, & Janoiko, 2010).

Thesis Impact

Since this rover was designed to operate on the moon, it was meant to be operated
remotely. Combining this remote control with the advanced scouting abilities of the K10
proved how effective scouting an area prior to an EVA was. Creating a rover that is
capable of being used as a pre-EVA scout, as well as an EVA assistant, will be very

useful.

Mobile Communication Networks
After the moon landings of the late 1960’s and 1970’s America set her sights on

Mars. Over the years, NASA has developed numerous Mars reference missions. These
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missions serve as a blueprint that show how the administration would get to, and survive
on, Mars given the current and upcoming technologies at the time. The first Mars
reference mission was published in 1997 and the latest addendum was published in 2013.
Most Mars analog simulations have taken direction from these documents in one form or
another. Technologies have been created that seek to fill an operational void that has been
outlined by these reference missions. One such technology is a local wireless

communications network.

The first study that looked to create a satellite independent EVA communication
network is the 2001 study named “Communication System Architecture for Planetary
Exploration.” This study took place at Haughton Crater in the Canadian high arctic. It
looked to create an EVA communication architecture that utilized multiple low powered
radio repeaters that would allow the EVVA astronauts to communicate with the base from
multiple kilometers away. The primary rationale for needing this type of ground radio
network is because communicating with a satellite is inherently difficult. The ground
transceivers need to be more powerful, have higher gain antennas, and be accurately
pointed in order to transmit to, and receive from, the orbiting satellite. Providing the
necessary equipment at a well-equipped base station usually is not a problem, but these
hardware requirements quickly become excessive when trying to make systems small
enough to be carried by an astronaut without becoming a burden. This is where the
ground based radio repeater network comes into play. The vastly shorter communication
distances mean that less powerful transceivers with either omnidirectional or wider-band

directional antennas can be used. These local transmitters use between 103 — 108 times
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less power (30-80 dB) than a comparable satellite link (Alena, Gilbaugh, & Glass,

Communication System Architecture for Planetary Exploration, 2001).

This communications architecture is not satellite independent. The base station is still
connected to the orbiting satellite (or satellites) via a high power, high gain transceiver.
The astronauts are connected to the base station via local radio repeaters. These repeaters
can either be permanently placed, or they can be highly mobile. Utilizing both of these
communications methods is called a hybrid communications architecture. The figure

shown below gives a visual representation of this communication network.
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Figure 2. MEX Communications Archilecture

Figure 10 - Hybrid Communications Architecture (Alena, Gilbaugh, & Glass,
Communication System Architecture for Planetary Exploration, 2001)

One major advantage of the hybrid architecture is its flexibility. Since the repeater
links can be moved to wherever they are needed, the astronauts have great flexibility with
where they can explore. This allows the same repeaters to be reused in different locations
time and again. This will save on launched and landed mass, as well as redundancy on the

planet surface.

Another important aspect of this hybrid architecture is that it only needs to cover a 10
km radius from the base. Based on the recommendations from the Mars reference design
missions, any EVA over 10 km from base will require the use of a pressurized rover
capable of housing the astronauts for multiple days. Such rovers will be required to have

their own satellite antennas to communicate with the home base or with Earth. Since the

20



pressurized rover will be acting as the new base, the same highly mobile repeater
networks can be deployed from the rover ensuring the explorers remain in constant

contact while on EVA.

These repeaters feature two methods of transmitting data. The first is an in-band, low
bandwidth repeater featuring a single omnidirectional antenna. This in-band repeater uses
a single radio transceiver. It receives a series of packets from the source, stores them in
the radio’s memory, and then retransmits them on the same frequency when the source
stops transmitting. This allows a single radio to act as a repeater, but with the penalties of
a low-gain antenna and a 50% duty cycle. The second type is a multi-band repeater. This
system uses two radio transceivers operating on different frequency bands. Each of these
radios will use a high gain directional antenna that will allow for the sending for more
information. Using two radios in different bands allows for instant retransmission of the
incoming data. Whatever is received by one antenna is instantly retransmitted on the
other antenna. This allows for essentially lag-free communications. The penalties for this
dual-band receiver are that it requires two radios and accurate pointing of the directional
antennas. Both types of repeaters are packaged to create a repeater payload. Each repeater

has different uses. The in-band, low-bandwidth repeater is primarily used for telemetry,
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while the multi-band, high-bandwidth repeater is used for sensor data and video. An

image of this hybrid repeater is shown below.
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Figure 11 - Hybrid Repeater (Alena, Gilbaugh, Glass, &
Braham, Communication System Architecture for Planetary
Exploration, 2001)

Since these repeater packages were designed to be mobile they could be easily
mounted to a mobile platform. This study utilized repeaters setup on ATV’s. During this
study, the astronauts would ride their personal ATV’s to a location and would perform
their EVA. One downside about having the transportation vehicle as the repeater is that in
the event the EVA site is down in a valley, the ATV and repeater need to be placed on
top of the hill to ensure line of sight with the previous repeater system. This leaves the

astronaut to carry all the tools and samples down the hill to the EVA site.

This same relay configuration was used during the 2004 Mars Desert Research
Station (MDRS) analog mission in Southwestern Utah. This analog mission lasted for
two weeks and had EVA’s in two different locations. One notable difference from the
2001 study is that the MDRS mission utilized that ERA rover mentioned in a previous
section. In this study, ERA was a part of the repeater network and was used as a repeater
node when the astronauts would venture into a crater or a ravine. Using the ERA as a

communications repeater hadn’t been attempted prior to this study (to my knowledge), so
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it was revolutionary in that regard. A figure showing the communications architecture for

this MDRS mission is shown below.
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Figure 12 - MDRS Communication Architecture (Clancey, et al., 2007)

Thesis Impact

The communication architecture explained above allows for a highly flexible
communications system that enables EVA astronauts to remain in constant
communication with the base. This communication is essential because during a true
EVA, if the astronaut gets injured or stranded there won’t be support personnel around to
help him or her. They will be relying on their fellow astronauts to come and save them,
but once again, this only happens if the astronauts at base get the message that someone
is in danger! This is why a robust communications architecture is so important. While the
individual repeater modules used in the simulations were complex, humbler forms of a
repeater system can be created to prove the effectiveness of such a system here at UND.
In addition, this repeater system will be mounted onto the rover and will be a primary

repeater, not just an emergency repeater in the case of ERA at MDRS.
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Chapter 1 Conclusion

After analyzing the past studies and literature, the idea to create a new analog
rover was fully formed. This rover would incorporate ideas and lessons learned from
previous studies and introduce some new features. This new rover would incorporate the

following features:

1. Controlled via remote control from the safety of the analog habitat.

2. Able to operate in remote and difficult terrain. Able to traverse hills and rocks.

3. Be of use to the EVA astronauts. Capable of storing tools, samples, and additional
objects.

4. Utilize high-torque motors that will allow the rover to do “real work”, such as
pulling heavy objects.

5. Be a communications hub for the EVA astronauts. Utilize radio repeaters to
“bounce” signals to and from the habitat for an extended communications range
without the need for satellites.

6. Have a live-feed camera on the rover to enable remote operation and terrain
reconnaissance.

7. Able to be easily modified to accommodate future improvements and mission

specific hardware.

Chapter 2 will discuss the design and implementation of the components used to

construct the rover.
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CHAPTER Il - METHODOLOGY

The proposed solution is to create a tele-operated rover that will enhance the EVA
experience for the astronauts. To accomplish this goal, the rover needed to be designed
to be robust enough to handle the difficult analog Martian terrain and “simple” enough to
allow for field repairs should the need arise. This required a design that would integrate
elements and components of modern All-Terrain Vehicles (ATVs), robotics, and amateur
radios. Getting these different elements and their related subsystems to mesh into a single
cohesive package was difficult. The design decisions and associated rationale will be

found in the following sections.

It is important to mention that the design was not a completely linear process as it
will be laid out in this document. Certain design elements were seriously considered, but
when the necessary components could not be found, or could not be found for a
reasonable price, the design was forced to change. This caused a lot of iterative design,
and required finding new solutions to previously solved problems. This is not a bad thing,
on the contrary it shows how the project was able to adapt and change, but it will make

the writing and reading process more difficult.

As with most complex systems, one design decision effects many other elements
and it is not always obvious which decision influenced the other. Some subsystems
develop organically and there was not a single, linear progression. One element was
found, but then a constraint changed due to a newly changed element somewhere else, so
the previous element was forced to change to accommodate the newly adopted design
element, and so on. This recursive, iterative design is accepted and is the way most

design needs to be done, but this method makes a comprehensive, linear document such
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as this difficult to write. Essentially, keep this fact in mind while reading the following
design sections. Just because a section comes before another does not mean that the latter
section had zero influence on the design choices in the previous sections. Since every
element of the rover was designed and manufactured by me, Chris Follette, the design
was highly agile and interconnected. Having intimate knowledge of each component in
each subsystem meant that, for the most part, each component was selected to make the

entire rover better, not just allow the subsystem to operate.

Mechanical Design

The first problem to be tackled was the mechanical design. This encompassed all
of the drivetrain, suspension, and frame components that make up the rover. Essentially,
every physical part of the rover that is required to house the electronics and propel the

rover.

Suspension
Rocker-Bogie

When the rover was first being conceptualized much effort went into designing a
rover that would utilize the Rocker-Bogie suspension. This suspension system has been
used by every NASA Mars rover beginning with Sojourner in 1996. This suspension
possesses some fantastic qualities. Because of the geometry, no shocks or dampers are
required. Also because of the geometry, all six of the wheels remain in contact with the
ground at all times. Maintaining this contact allows the rover’s weight to be distributed
over each wheel. This is important when in soft terrain where excessive force can cause

the wheel to sink and become stuck, rendering the rover incapacitated (Harrington &
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Voorhees, 2004). This contact is also important during an obstacle traverse as it allows

each wheel to help propel the rover over the obstruction.

When using the Rocker-Bogie suspension, each wheel uses its own drive motor
and also has a “steering” motor that controls the direction the wheel is pointed. This
steering motor allows the rover to perform very tight turns, and could even allow the
rover to move horizontally. The drive motors are located inside the wheel and are usually
geared down, creating large amounts of torque and slow linear velocities. The steering
motors are located above the wheel, allowing for the entire wheel assembly to rotate. On
the Mars Science Laboratory, only the front and back wheels have the steering motors. A

picture of the Mars Science Laboratory, nicknamed Curiosity, is found below:
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Figure 13 - Mars Science Laboratory (Webster, 2011)

In this picture the steering motor is circled in yellow and the driving motor is
circled in orange. The top speed for Curiosity is 4 centimeters (1.5 inches) per second

while traveling on hard, flat ground (Jet Propulsion Laboratory, 2016). This suspension
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design allows the rover to traverse obstacles as large as, or slightly larger than, a wheel
diameter, 50 cm or just over 20 inches in the case of Curiosity. These can be either a hole

or a rock/obstruction.

The suspension also includes a differential that helps to even out the force exerted
by the wheels. When one side of the suspension goes up, the differential forces the
opposite side of the suspension down, thus balancing the weight on each wheel. This
differential also causes the rover body to deflect half as much as the wheels, allowing for
a smoother ride over uneven terrain when compared to more traditional ATV

suspensions.

Unfortunately, after further research it was determined that this suspension is not
ideal for an astronaut assistant rover. The rocker-bogie suspension was designed for slow
moving, semi-autonomous rovers operating at centimeters per second, not the required 1+
m/s. Also, the independent wheel motors and steering motors proved to be an issue.
Trying to find motors that were small enough to fit inside of a wheel while still providing
the necessary torque and rpm proved impossible at the budget allocated for this project. It
should also be noted that the rocker-bogie suspension does not handle obstacles well
while traveling at astronaut speeds. This was analyzed in the paper titled “High-Speed
Traversal of Rough Terrain Using a Rocker-Bogie Mobility System” by Miller and Lee.
In this paper they say that typically the frame is not strong enough to withstand the forces
encountered when hitting an obstacle at walking speeds and that the way rocker-bogies
climb obstacles would cause the rover to be damaged or flipped. Miller and Lee
developed a method of using imagine processing to speed up and slow down specific

wheels that would allow the rover to “wheelie” over obstacles while at walking speed,
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greatly reducing or eliminating the forces on the suspension (Miller & Lee, 2002). This
method was too experimental and would require much more time getting the control
system tuned in to be operational. The rover needs to be operational with as little

“tinkering” as possible.

Dual H-Arm

After researching the Rocker-Bogie suspension and coming to the conclusion that
it would not work for this rover, a new suspension had to be chosen. The main criteria for
the suspension is that it needed to absorb obstacle impacts at relatively high speeds, allow
the drive motors to be inside the body of the rover, and be able to be manufactured in the
University of North Dakota machine shop. To meet these requirements, inspiration was
taken from the commercial All-Terrain Vehicle market and the author’s previous
experience. Commercially produced ATV’s almost all use some variation of a double
wishbone suspension for both front and rear wheels. These ATV’s are built to perform
off road and are powered using a motor-transmission system and utilize CV joints and
shafts that transmit power to the wheels while overcoming obstacles. This system, once

adapted to an electric rover, would perform fantastic.

Before designing the suspension, ATV hardware needed to be found. This
hardware included the hub the wheel attaches to, knuckle, CV shaft and CV joints. These
assemblies were sourced from ATV junkyards as purchasing these components new
would have been far too expensive. The drive shaft assembly chosen, a rear 2006 Polaris

Sportsman 500 axles and hub, will be discussed in the “Drivetrain — Drive Shaft” section.
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Once the drive shaft assembly was chosen, found, and purchased, design on the
suspension could begin. Suspension design is primarily dependent on geometry, so it
needs to be designed around components that cannot change. For this design the primary
dimensions that needed to be obtained from the drive shaft assembly were the distance
between the top and bottom suspension mounting holes on the knuckle (D, ), the lengths
between sides of the knuckle mounting holes (L, and L,), the maximum degree of bend

in the CV joints, and the overall length of the drive shaft assembly (L,). This information

would inform the lengths and angles of the suspension members.

Figure 14 - Drive Shaft Dimensions

The dimensions found on the drive shaft assembly are as follows: L, = 17 in.,
D, =5in., Ly = 2.925in., L, = 4in. ... The maximum bend degree was found to be 30
degrees (Polaris, 2016). Using this information a 3d model of the driveshaft was created

in Autodesk Inventor. This model was then used to inform the design of the suspension

members.
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Figure 15 - Inventor Model of Polaris Drive Shaft

The rover will operate using a skid-steer, or tank-drive, method of locomotion.
This means that the rover will turn when the wheels on one side of the rover are spinning
faster relative to the other side. This relative speed difference will allow the rover to
make basic meandering turns, as well as turning in place. This “tank-drive” method was
chosen for a few reasons. One was that this method allows for the rover to operate
without the need for “steering wheels” as found on a vehicle. This allows for all
suspension, motor, and gearbox setups to be exactly the same. It also allows for a simpler
remote control setup. Many off-the-shelf motor controllers specialize in this sort of “tank-
drive” operation. These motor controllers will be discussed in the “Electronics — Motor

Controller” section.

Since the rover will utilize the “tank-drive” method, an even more simple
suspension system will be constructed. The double-wishbone suspension, as mentioned
above, sees the suspension arms coming to a point, connecting to a ball-joint, and then
attaching to the knuckle. These ball joints allow the wheel to rotate about the vertical axis

created between top and bottom ball joints on the suspension arms. This rotation is what
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allows the wheels to turn and “steer”. The figure below shows a standard double

wishbone suspension.

Figure 16 - Double Wishbone Suspension (himalayan, 2012)

Since the rover’s individual wheels will not need to rotate about a vertical axis to
steer, a dual H-arm suspension can be created. This H-Arm constrains the knuckle (and
effectively the entire drive train) to only deflect vertically, as when going over an
obstacle. This is another reason the 2006 Polaris Sportsman 500 rear axle and hub was
chosen. This knuckle was originally designed to be used with an H-Arm suspension and

only deflect vertically.

The suspension was designed in Autodesk Inventor and was influenced by the
suspension design chapter in Milliken and Milliken’s Race Car Vehicle Dynamics
(RCVD). In the subsection about H-Arm suspensions, the book notes that “the side view
swing arm instant center must be at infinity” and that H-Arm suspensions require “only
two chassis reaction points instead of three to perform its controlling functions” (Milliken
& Milliken, 1995). This means that the top and bottom suspension arm attachment
locations on the knuckle must be parallel and the suspension arm chassis attachment

locations must be parallel to prevent binding while the suspension travels.
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There are six degrees of freedom that will need to be accounted for when
designing a suspension system: 3 rotations and 3 translations. Each DoF is along or about
the primary X, Y, or Z axes. The 3 rotations are named Caster (X-Axis), Camber (Y-
AXis), and Toe (Z-Axis) and the 3 translations are named Scrub (X-Axis, Lateral),
Longitudinal (Y-Axis), and Bump/Jounce (Positive Z-Axis) or Rebound/Droop (Negative

Z-Axis). A picture showing this geometry is found below.
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Figure 17.1 Degrees of freedom and suspension motion definitions (Ref. 1).
Figure 17 - Degrees of Freedom and Suspension Motion (Milliken & Milliken, 1995)

Because the rover will utilize an H-Arm suspension, many of these DoF’s are
already accounted for. The Toe (Yaw angle) will be 0 degrees while using the H-Arm
suspension due to the parallel axes formed between the knuckle-suspension attachment
and the suspension-chassis attachment and because the individual wheels will not be
required to rotate to steer. The Caster (Roll angle) of the suspension will also be 0
degrees since the suspension will be designed and built to have a vertical motion path.
The Longitudinal translation will be 0 inches because the Caster angle is 0 (vertical
motion). The Camber angle and Scrub will be determined by the Instant Center length

and suspension geometry, and the Vertical translation will be determined by the shock
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characteristics and allowable CV shaft angles. To show how the Camber angle is

determined by the IC length, see the figure below.

Camber change rate =
Tan -1(1/ fvsa)
IC in degrees/ inch

fvsa short = large camber gain

-------------

fvsa long = small camber gain

IIIIIIIIIII

Figure 17.9 Camber change.
Figure 18 - Camber Change due to Front-View IC Length (Milliken & Milliken, 1995)

As seen in the above image, camber change rate is directly correlated to the Front
View Swing Arm (FVSA) length. This FVSA is the theoretical member connecting the
tire knuckle to the Instant Center. The instant center (IC) is a term used in suspension
design and can be created in both the side view and the front view. It is an imaginary
point that the wheel will pivot around during suspension travel. This point is found by
projecting the suspension arms until they cross paths. The suspension can then be
modeled by a single bar linkage originating from the IC. The wheel will essentially
follow this imaginary circle created around the IC during its travel up and down the
suspension’s path of motion. An important clarification is that the IC only models the
suspension at the point it was created, plus and minus a small amount of suspension
travel. The IC can be thought of as a local, visual predictor of the suspension motion. In
order to model the entire suspension path this way, many IC’s will need to be created at

different points along the suspension path. For instance, creating IC’s at different points
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is a simple way of testing a suspension for rates of camber change. This concept is

explained in the following image taken from RCVD.
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Figure 17.5 Instant center concept.

Figure 19 - Instant Center Concept (Milliken & Milliken, 1995)

The camber change rate is calculated using the equation in Figure 18 and is given
the units of degrees per inch of vertical travel. As mentioned earlier, a larger distance
between the IC and the wheel will result in less wheel camber throughout the

suspension’s path of motion. This equation can be found below:

Equation 1

Camber Ch Rat degrees = tan™?
amber Change Rate ( s ) = tan FVSA

Next is wheel scrub. Every suspension system will have some amount of scrub.
This amount is determined by the length of the control arms and the location of the front
view instant center. For scrub to be minimized, the IC needs to be large and located on
the ground. When the IC is located above ground level, the wheel will move outward as it
rises. When the IC is located below ground level, the wheel will move inward as it rises.

The two following figures will further explain wheel scrub. The first will show wheel
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scrub in relation to IC location. The second will show a top view of a wheel driving in a
straight line while hitting obstacles, forcing the wheel to jounce and rebound resulting in

scrub.
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Figure 17.10 Scrub is a function of IC height.
Figure 21 - Scrub as a function of IC height (Milliken & Milliken, 1995)

Figure 17.11 Wheel path. on rough road with a large amount of scrub.
Figure 20 - Wheel path showing the effects of scrub (Milliken & Milliken, 1995)

When designing the H-Arm suspension of the rover, a large FVSA was chosen.
This is because a large FVSA would result in a low rate of camber change and would also
reduce the amount of scrub seen by the tire. In order to create a large FVSA, the
suspension arms need to have a slightly larger vertical separation on the knuckle than on
the chassis. This was accomplished by modeling and tweaking the suspension in

Autodesk Inventor.

One of the main problems to overcome was the large amount of material on the
CV shaft right before the splined section that is meant to fit into the gearbox on the
Polaris Sportsman ATV. This material measured 3” in diameter and the suspension

mounting holes on the knuckle measured 5 center to center. In order to produce an
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adequate FVSA the chassis suspension mounts were required to be less than the 5” center
to center distance on the knuckle. Attempting to design suspension mounts and frame
members which allowed the chassis suspension center to center distance to be less than
5", while not impacting the 3 diameter spinning mass on the CV shaft, proved to be
challenging. To alleviate this problem, the knuckle suspension center to center distance
needed to be increased to a value such that a frame could be constructed that allowed for
the 3” diameter CV shaft to rotate unimpeded while still having a smaller suspension
center to center distance than the knuckle. To do this, a 3.125” member was added to the
top suspension member at a 45° angle. This allowed the top suspension member to
artificially increase the knuckle center to center distance by 2.21” without needing to
actually increase the knuckle’s physical size. The figure below shows this top suspension

member on the knuckle.

Figure 22 - Suspension Members on Knuckle
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This increased knuckle center to center distance allowed for the chassis
suspension supports to be placed at 6”, allowing for adequate margins around the 3” CV
shaft rotating mass. Although the angled piece on the top suspension member allows for
the greater center to center distance, it also alters the suspension’s camber and scrub
characteristics as the point of rotation on the knuckle isn’t directly in line with the top
suspension member. This was deemed acceptable for two reasons. First, at the relatively
slow speeds the rover will be operating the altered camber and scrub experienced by the
tire will have negligible effects on overall performance. Second, the rover will be
operating at the lower range of the suspension travel since the suspension was designed to
operate primarily in this region. At the lower end of suspension travel the camber and
scrub values are moderate. The figures below shows the IC for this suspension in

maximum and minimum travel location.

Figure 23 - FVSA Top of Travel
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Figure 24 - FVSA Bottom of Travel

The swing arm lengths are 242.147” and 165.897” for the top and bottom,
respectively. Based upon these images the expected camber changes would be very slight
and the suspension would scrub away from the chassis on jounce while near the bottom
of the suspension travel and would scrub towards the chassis on jounce near the top of the

suspension travel.

Using the model, incremental measurements of the camber and scrub were taken.
To normalize the information, values for the scrub and suspension travel were taken
relative to the lowest point of suspension travel. The camber angle was found by
measuring the angle formed by the flat face of the knuckle and a vertical plane. The
wheel’s axis will be normal to this knuckle face. Directions of the camber angles are seen
in the picture below:

0

-—

Figure 25 - Direction of Camber Angles (Auto Dimensions Inc., n.d.)
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Plots of the camber and scrub characteristics are found below.

Rover Suspension Camber
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Figure 26 - Rover Suspension Camber
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Figure 27 - Rover Suspension Scrub

The camber graph in Figure 15 shows that at the bottom of the suspension path
the wheel has a slight negative tilt, changing quickly to a positive tilt. This camber
change is nearly a 1:1 linear change with suspension travel with a slope of 0.9636 and a

R? value of 0.9988. As the suspension reaches the top half of the suspension path, the
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camber begins to get a little extreme with angles of 4°-7°. Ideally the suspension will not

deflect this high, except under rare circumstance.

The effects of the angled member on the top suspension member are most evident
on the camber. Based on Equation 1 and the FVSA lengths found in Figures 23 and 24
the camber change rates at the top and bottom of suspension travel are supposed to be
0.236°/inch at the top and 0.345°/inch at the bottom. Instead of these very small camber
rates, the camber change rate that was measured is a consistent rate of change of nearly

1°/inch. This is fairly large, but is acceptable given the use case of the rover.

The scrub graph seen in Figure 27 shows scrub direction as expected by the
location of the IC’s in Figures 23 and 24. The suspension has a maximum scrub value of
0.443” at just over 3” of suspension travel. These values are within a tolerable range, so
the design was finalized. Full engineering drawings can be found in the Appendix. A

stress analysis can be found in the Stress Analysis section.

Shocks
The shocks for this rover needed to be ATV quality and capable of the abuse
present in an off-road environment. Seeing as the suspension and the frame were custom

fabricated, the shocks primary requirements were that they:

1. Could support the weight of the rover and the planned additional payload without
excessive droop.

2. Provided adequate travel to allow the suspension through a large range of motion.

These relatively simple requirements allowed for a wide range of shocks to be

considered. Also of note is the speed of the rover. Typical ATV’s need to perform in off-
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road situations while traveling upwards of 15 miles per hour (6.7 m/s). Because this rover
would top out at 1.5 m/s the shock load on the rover would be less extreme than that seen
by a typical ATV suspension. Once again, price played a big factor in determining which
shocks would be chosen. Because of this, aftermarket shocks were purchased from eBay

for much less than OEM shocks.

Two pairs of shocks (four total) capable of fitting the 2004 Honda Foreman 450 ATV
were selected because of their favorable characteristics. These coil-over shocks have a
travel length of 4” and feature 5 different spring pre-load positions for varying loads. The
4” travel will work because the shocks can be mounted at a position on the suspension
member that will allow for near full suspension range of motion. The Honda Foreman
450 ATV has a dry weight of 264 kg (ATV.com, 2017). Add in fuel and the weight of a
rider and this mass increases to 376 kg. Divide that mass by the 4 wheels, and each wheel
is expected to support up to 94 kg while in motion. This is more than the expected rover
mass (see Motor section below), and because the rover will be operating slower than the
ATV, these shocks are expected to perform adequately. To accommodate these shocks,
tabs needed to be welded to the inner suspension member of each suspension system. The
location was chosen to protect the shocks from debris encountered while driving the
rover in the field. The location of the tabs and the frame member can be found in the

Engineering Drawings Appendix.

Suspension Stress Analysis
In order to properly construct the suspension system, a stress analysis needed to
be performed. This analysis tested whether the suspension system would fail during the

anticipated loading scenarios. The section discussing the motor selection uses a per-wheel
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weight of 76.25 kg (167.75 Ib.) and an overall rover weight of 305 kg (671 Ib.). These
forces were used in during the stress analysis to simulate different loadings. The loading
scenarios tested were: a single wheel 1-g and 3-g vertical load, and a full rover 1-g and 2-
g horizontal load. To test the suspension a simplified model of the suspension was
created. This model includes the suspension tube dimensions and materials, but
eliminates the extra components such as bushings and bolts. These components are
necessary in the real life model, but were shown to make the simulation process very
lengthy and complex. The simplified model also uses an inverted “T” member as the

driveshaft knuckle. This was to simplify the model and aid in the simulation.

The vertical load cases occur when the rover encounters an obstacle while at
speed or when a wheel suddenly clears an obstacle and falls back to the ground. The
positive vertical loading occurs in the center of the driveshaft knuckle, with an equal
negative loading occurring where the shock attaches to the lower suspension arm. The

results are shown below:

Type: Safety Factor

Unit: ul

2/24/2017, 2:45:20 PM
15 Max

Type: Safety Factor

Unit: ul

2/24/2017, 3:03:47 PM
15 Max

6
5.17 Min

3

1.71 Min

0

Figure 28 - Suspension FEA - Vertical Loading 1-g and 3-g
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As seen in the above images, the suspension system will survive 1 & 3-g vertical
loadings. The smallest factor of safety found on the aluminum frame, aluminum brackets,
and steel suspension members was 5.17 for the 1-g and 1.71 for the 3-g loading scenarios.

This proves that the suspension design is adequate for the vertical loading scenario.

Next the horizontal load cases were tested. The most extreme load cases were
tested, because if the suspension could survive these cases all other cases with less
extreme loads would not yield the suspension. Because of the design of the rover, the
wheels do not project in front of the rover frame. This means that if the rover were to
impact a solid object with a wheel, this object would only encounter one wheel and that
wheel would have the entire force of the rover behind it. Luckily in real life, the ATV
wheel would absorb some of the impact and lessen the impulse seen by the suspension
member, but this is difficult to simulate. As was mentioned above, the worst case
scenarios were tested. The loads tested were the full mass of the rover impacting a single
rover wheel horizontally with accelerations of 1 and 2 times the Earth’s gravity. This
equated to forces of 3,021 N (671 Ib.) and 6,042 N (1242 Ib.). The simulations are found

below:

Type: Safety Factor Type: Safety Factor
Unit: ul Unit: ul
2/24/2017, 5:37:21 PM 2/24/2017, 5:38:37 PM

15 Max 15 Max

2.04 Min
1.02 Min

0
0

Figure 29 - Suspension FEA - Horizontal Loading 1-g & 2-g
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The factors of safety for the horizontal loadings are 2.04 and 1.02 for the 1-g and

2-g loadings, respectively. This shows that the suspension can sustain an impact from a
direct horizontal force up to 2-g, or 19.62 g With the rover cruising at the design speed

of 1.5 m/s, this 2-g deceleration yields an impact time of 0.0765 seconds. In real life, this
impact would be longer because of the yielding of the ATV tire, and the increased impact
time decreases the acceleration experienced by the system. As stated above, these

simulations aim to test the worst case scenarios experienced by the rover.

If the rover experiences loads that are below the loads tested, the suspension will

not yield.

Drivetrain
Motor

For this vehicle DC-electric motors were chosen. The torque-rpm relationship
allows these motors to deliver instant power without relying on a “power band” as seen
with internal combustion engines. Also, electric motors allowed for a much simpler
“remote control” design architecture. This allows the rover to use off-the-shelf motor
controllers and essentially turns the rover into a large remote control vehicle. The large
difference is that this rover will be hundreds of pounds and will be able to haul

substantial amounts of cargo.

The first step in motor selection is to develop an estimate of required power.
There are many definitions for power; the definition used during initial motor section

was:
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Equation 2
P=T+ w

This definition yields power (P) in Watts (W). The inputs include motor rotational
velocity, w (radians per second) and motor torque, T (Newton-meters, N-m). This can be

transformed to a more useful equation that uses rotations per minute (RPM).

Equation 3
_ TxRPM

9.55

For the purposes of this design, the rover needs to keep pace with suited
astronauts (RPM) and be able to operate while hauling cargo (Torque). These two
requirements have an inverse relationship when applied to electric motors. Theoretically,
while an electric motor is initially starting (RPM=0) it will experience a condition of
infinite torque. As the RPM’s begin to increase, the torque will be proportionally reduced

to match the motors specified power rating.

To generate this initial power estimate a few assumptions needed to be made.
First was the required RPMs. The average human walks at a pace of 1.42 m/s (Browning,
Baker, Herron, & Kram, 2006), so the required motor RPM’s and wheel diameter needed
to be sized to meet this figure. To simplify the calculations a value of 1.5 m/s was used.
Next was the wheel diameter. Since this vehicle will be an off-road vehicle, ATV tires
were chosen. These tires have large tread patterns that generate traction in off-road
situations where driving conditions are often sand, soil, or loose rocks. A standard ATV
tire with a diameter of 22 inches (0.5588 meters) was chosen. Using this information, the

required RPM’s could be calculated.
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The first step was to determine the total distance covered in one minute. This was
a simple calculation using the average human walking speed (1.5 m/s) and the chosen

length of time, one minute (60 seconds).

Equation 4
d=v=*t

Substituting human walking speed (1.5 m/s) for v, and 60 seconds for t, the total

distance covered by the average human walking in one minute, d, is 90 meters.

Next, the circumference of the wheel needed to be calculated to determine how

much ground would be covered during a single rotation (assuming no-slip conditions).

Equation 5
Circumference = m * diameter

Substituting 0.5588 meters for the wheel diameter, a circumference of 1.755
meters was calculated. Using the results from Equations 4 & 5, the estimated RPM’s can
be calculated. This will be accomplished by dividing the length of travel in one minute by

the length of travel of a single rotation by the wheel.

Equation 6

d
RPM = —
circumference

Substituting values into Equation 6 yields a value of 51.28 wheel rotations per

minute. This figure allows for initial motor selection based on RPM.

The next parameter that needed to be calculated was approximate torque. This
was a difficult parameter to estimate as it relies on many factors. These include: chassis

weight, battery weight, payload weight, hill-climb angle, linear acceleration, and towing
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capacity. To begin, a few weight estimates were written down to get started. These can be

found in the table below:

Table 1 - Weight Estimates for Motor Torque

Item Quantity Mass (kg) Total (kgs) Total (N)
Battery 4 25 100 981
Frame 1 35 35 343.35
Suspension Arms 8 5 40 392.4
Shocks 4 5 20 196.2
Shafts, hubs, etc 4 10 40 392.4
Electronics 1 20 20 196.2
Payload 1 50 50 490.5
Total = 305 2992.05

Weight per wheel = 76.25 748.0125

According to these estimates, the rover is projected to have a mass of 305 kg with
a loading of 76.25 kg at each wheel (assuming an equal load distribution). Many
scenarios and torque estimates can be created using this information. First, a free-body

diagram (FBD) was created to show the forces at work on each wheel.

M,,\L | dia.

Figure 30 - Free-Body Diagram of the Rover Wheel

In this FBD the variables are:
W = rover weight acting on the wheel
Dia. = Wheel diameter (m)

Mo = Moment created by the motor torque
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Ff = Force of friction opposing motion

N = Normal force on the ground due to W

The first simulation will be the rover rolling over loose sand on flat ground. In
this simulation the motor torque will need to overcome the force developed by the tire’s
rolling resistance. This rolling resistance is a function of the normal force on the wheel
and the coefficient of rolling friction between the tire and the surface. The coefficient of
rolling friction was found to vary from 0.2-0.4 (Engineering Toolbox, 2016). The worst
case scenario of 0.4 was used in this simulation. The equation for the rolling resistance is

the coefficient of friction multiplied by the weight placed on the wheel.

Equation 7
Ff =cx*N

To solve for the required motor torque, a sum of moments about the tire center
was performed.
Equation 8
Z M: M, — F, (dia) =0
. 0 f 2 -
Which simplifies to:
Equation 9

dia
3w, (4)

This means that the motor needs to produce enough torque to overcome the
moment created by the rolling resistance friction force. The friction force will produce a
moment on the tire with a moment arm equal to the radius of the tire. Plugging values

into Equation 9...
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Equation 10

0.5588 m
M, = (04 % 748.0125 N) (———)

From Equation 9, the maximum motor torque required to overcome the rolling

resistance is 83.597 N-m.

Using Equation 3 and the values obtained from Equations 6 and 10, the calculated
power required to drive the rover over sandy soil is 448.77 Watts. This value will
increase with additional payload on the rover, and will decrease while driving on
compacted, smooth terrain. As a note, the rolling resistance value is taken from a table for
a car tire driving through loose sand. It can be assumed that ATV tires with the additional
knobs and aggressive tread will increase this rolling resistance coefficient. This estimate
also does not take drive train efficiency into account, which will require a motor with

more power.

The next scenario used to size the motors was the hill climb. During this scenario
the rover will be driving up an incline and will need to overcome the rolling resistance of
the tires and the gravitational effects of the rover mass trying to pull the rover back down

the incline. A FBD for this scenario can be found below:

Figure 31 - Hill Climb FBD



The equation for the hill climb is fairly straight forward and can be found below:

Equation 11
E, > F,+ Wsin6

This states that the pulling force (F,) must be greater than the rolling resistance
and the component of the weight opposing forward progress up the hill. This will be

evaluated on a per wheel basis while assuming an equal load on all tires.

For this situation, the normal force (N) transferred to the ground through the tires

will be a function of the rover weight (W) and the angle of the incline (8):

Equation 12
N =W cos @

For this scenario, the incline angle will be 40 degrees. Using the value of weight
per wheel, W, in Table 1, the value found for N was 573.011 N. Using this new normal
force the rolling resistance can be calculated for this scenario. The rolling resistance will
be calculated as explained above in Equation 7. Using the same coefficient of rolling

resistance (c = 0.4, loose sand), the rolling resistance force generated was 229.2 N.

The force pulling the rover down the hill was calculated next. This was a simple
calculation multiplying the weight of the rover by the sin of the incline angle. Using the
values above, this force was found to be 480.81 N. Combining these two opposing forces
yields a total of 709.41 N. This means that each motor needs to produce greater than
709.41 N of linear force to propel the rover up the hill. Replacing the friction force in
Equation 7 with the total opposing force found above, the moment equation was
performed for this scenario. The required torque for an uphill climb in sandy soil is

198.378 N-m.
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Using the power equation (Equation 3), the torque found above, and the
calculated RPM’s for 1.5 m/s travel, the total motor power needed for this maneuver is

1064.98 Watts per wheel.

Also of note in the hill climb scenario is that the static friction force needs to be
greater than the force pulling the rover down the hill. If not, the rover will simply slide
down the incline. This static friction force is calculated in the same way as the rolling
friction force, substituting the coefficient of static friction for the coefficient of rolling

resistance.

The final scenario was the tow scenario. For this simulation the rover would be
pulling or pushing some object. Once again, the rover would be operating in sandy soil
with a coefficient of rolling resistance of 0.4. It was assumed that the object being pulled
was a trailer with 4 wheels that are able to fully support and stabilize the weight of the
trailer. This assumption allows for a rolling resistance to be calculated for the trailer as
opposed to pulling some object over top of the soil where the higher static and dynamic
friction coefficients would be used. The rolling resistance forces were calculated the
same way as they were for the rover wheels. For this scenario, a trailer mass of 300 kg
was used. This created a total rolling resistance force of 1172.2 N. Assuming that the
weight was distributed equally over the four wheels, this leaves 294.3 N of rolling
resistance for each wheel. This per wheel force will be applied as an opposing force
(acting in the same direction as rolling resistance) that each motor will need to
compensate for. The trailer rolling resistance force and the rover’s rolling resistance force

will combine in the moment equation (Equation 9). The resulting torque required to pull a
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300 kg, 4 wheeled trailer through sandy soil is 165.8243 N-m, which translates to 890.2

W of motor power.

It should also be noted that a vehicle cannot pull more than the traction force will
allow. This traction force is the force created between the wheels and the driving surface.
This force is dependent on the vehicle weight fraction acting on that wheel and the
traction coefficient between the tire and the driving surface. It is another type of friction
force, but instead of opposing motion it allows for the wheels to transfer power to the
ground and propel the vehicle forward. This traction force becomes obvious when
comparing vehicles trying to accelerate from a stop light in different conditions. During
the summer months when the asphalt is dry, accelerating is not an issue, but during the
winter months when the intersection becomes covered in ice, the same vehicle may spin
its tires without being able to “get a grip” and move forward. This is due to the lower
traction coefficient of ice compared to dry asphalt. This becomes an issue while towing
because it may be possible to “overload” a vehicle to where the force required to pull an
object is more than the vehicle’s traction force on the drive wheels will allow. Different
tires and different surface conditions create a vast array of traction coefficients. The
knobby design of off-road tires allows them to generate a larger traction coefficient, but
this will also incre